Adult T-cell leukemia (ATL) is neoplasm of the mature helper T lymphocytes and human T-cell lymphotropic virus type-l (HTLV-I) has been shown to be causative virus of ATL. Because HTLV-I integrates its provirus randomly into host chromosomal DNA, monoclonal integration of HTLV-I provirus indicates the clonal proliferation of HTLV-l-infected cells. Therefore, demonstration of clonality of HTLV-I proviral DNA is essential to diagnosis of ATL. Southern blot analysis was used for this purpose. We developed the novel method using inverse polymerase chain reaction (IPCR) to detect the clonality of HTLV-I proviral DNA. This method identified the clonality in all ATL cases. Diagnosis could be made within 3 days DULT T-CELL leukemia (ATL) is neoplasm of mature helper T lymphocytes that was recognized as a distinct clinical entity in 1977 in japan.'^' Thereafter, human T-cell lymphotropic virus type I (HTLV-I) was shown to be a causative virus of ATL."4 ATL has a broad clinical spectrum and is classified by subtypes according to clinical and laboratory criteria: acute, chronic, smoldering, and lymphoma-type ATL.'" HTLV-I integrates its provirus randomly into host chromosomal DNA. Therefore, clonal integration of HTLV-I provirus means clonal proliferation of infected cells. Natural course of HTLV-I infection and ATL is thought to be as follows8: At first, HTLV-I transmits mainly from mother to child or husband to wife.' In HTLV-I carrier, integration of HTLV-I provirus is thought to be random. The random integration of HTLV-I provirus was observed in some HTLV-I carriers by Southern blot analysis, indicating that the number of polyclonal HTLV-I infected cells had increased. This is the intermediate state, which is frequently associated with immunodeficient states, such as strongyloidiasis.'" Monoclonal expansion of HTLV-I-infected lymphocytes can be detected in the next step, smoldering ATL. At this stage, a few abnormal lymphocytes with lobulated nuclei are observed, frequently in association with skin lesions or pulmonary involvement. In chronic ATL, the number of ATL cells increases in the peripheral blood, but hypercalcemia or high level of lactic dehydrogenase is not observed in the patient.' Acute ATL is a typical form of ATL as originally described. 
number of abnormal lymphocytes, hepatosplenomegaly, skin lesions, increased level of lactic dehydrogenase, and frequently, hypercalcemia. Lymphoma-type ATL shows a few abnormal lymphocytes in the peripheral blood with lymph node or organ involvement. Smoldering or chronic ATL often progresses to acute or lymphoma-type ATL.
Diagnosis of ATL is made from the following criteria:" (1) the presence of anti-HTLV-I antibodies, (2) histologically or hematologically proven lymphoid neoplasm, (3) Tcell nature of tumor, and (4) monoclonal integration of HTLV-I provirus in chromosomal DNA. Demonstration of monoclonal integration of HTLV-I provirus DNA is essential to diagnosis of ATL, because HTLV-I carrier could have other lymphoid malignancies. Although Southern blot analysis has been shown to be powerful tool for diagnosis of ATL,'? it is time-and cost-consuming. Polymerase chain reaction (PCR) has been applied to diagnosis of viral infection, including HTLV-I." Although the presence of HTLV-I provirus can be detected using the PCR method, it cannot show whether HTLV-I infected cells are monoclonal or polyclonal."
Inverse PCR (IPCR) was instrumental in the identification of unknown sequences flanking known sequences such as retroviral DNA.'"'' In this study, we showed the monoclonal integration of HTLV-I provirus DNA in ATL patients using the IPCR method. This method enabled us to diagnose ATL within 3 days and to identify a small number of ATL cells in samples. In addition, monoclonal or oligoclonal proliferations in the intermediate state and HTLV-I carrier could be detected by this method. IPCR is a rapid and powerful tool for analysis of the clinical states of ATL, and provides important information about the natural course of ATL.
MATERIALS AND METHODS
Patients. Diagnosis of ATL was made from clinical and hematological data, the presence of anti-HTLV-I antibodies, and the monoclonal integration of HTLV-I proviral DNA identified by Southern blot method. Classification of ATL subtypes was according to criteria previously described.' Genomic DNAs were extracted from peripheral blood mononuclear cells (5 patients with acute ATL, 5 with chronic ATL, 5 with smoldering ATL, 2 with intermediate state ATL, and 5 HTLV-I carriers) or lymph node cells (7 with lymphomatype ATL and I HTLV-l carrier with T-cell lymphoma).
IPCR. For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From Sau3AI or Alu I (Takara, Kyoto, Japan) and then ligated with T4 DNA ligase (New England Biolabs, Beverly, MA) in diluted form (4 pg/mL) to cause self-ligation. Ligated DNA was then digested with Sac I1 (TOYOBO CO, LTD, Osaka, Japan) to eliminate the circular DNA originated from 5' proviral DNA, following random nicking with heating (93"C, 30 minute^).'^.'^ This DNA was used as a template in 50 pL of 50 moVL Tris-HCl, pH 9.0120 m m o K NH,SOJl.5 mmol/L MgC12/50 m m o K of each deoxyribonucleotide triphosphate, 1.25 U of Tub polymerase (Amersham International plc, Buckinghamshire, UK). At first step of PCR, primer 1; 5'-AAGCCGGCAGTCAGTCGTGA-3' (residues 8946-8927) and 2; 5'-AAGTACCGGCAACTCTGCTG-3' (residues 8958-8977) were used at a final concentration of 200 nmol/L. Five microliters of PCR products was then amplified in the same condition, with the nested primers 3; 5'-GAAAGGGAAAGGGGTGGAAC-3' (residues 8924-8905) and 4; 5'-CCAGCGACAGCCCATTCTAT-3' (residues 8986-9005). Each PCR reaction was performed in the Thermal cycler (Perkin Elmer-Cetus, Nonvalk, CT) using 50 cycles (the first PCR), or 35 cycles (the nested PCR) at 94°C for 20 seconds, 55°C for 20 seconds, and 72°C for 30 seconds.
Southern blot analysis with radiolabeled oligonucleotide. PCR products were electrophoresed in a 2% agarose gel and transferred to nylon membrane (Hybond-N Plus; Amersham). Oligonucleotide (5'-CTCCAGGAGAGAAAmAGTACAC-3'; residues 9012-9035) was used as a probe to confirm specific band and labeled at 37°C by the 5"endlabeling method with MEGALABEL labeling kit (Takara) and Y~~P-ATP. The filters were hybridized with radiolabeled probes at 55°C for 12 hours, washed, and then exposed to xray film at -80°C.
DNA sequencing. PCR products were subcloned into pCRII with TA cloning kit (Invitrogen Corp, San Diego, CA) and these plasmid DNAs were used for sequencing experiments. Sequence was determined by dideoxy method with Sequenase Version 2.0 DNA Sequencing Kit (United States Biochemical Corp, Cleveland, OH) according to its protocol.
RESULTS
IPCR to detect the rnonoclonality of HTLV-I-infected cells. IPCR was instrumental in determining the flanking sequences of proviral DNA of retroviru~es.'~"~ To detect the monoclonality of HTLV-I-infected cells with IPCR, we made the primers shown in Fig 1. Defective provirus of HTLV-I was frequently observed in genomic DNA from ATL patients (approximately 30%, Korber et all'; approximately 40%, our unpublished data, January 1994), in which sometimes 5' long terminal repeats (LTR) was deleted." Therefore, we decided to detect genomic DNA adjacent to 3' LTR (Fig 1) . We chose Suu3AI for digestion of genomic DNA for the following reasons: (1) Suu3AI site existed only in 5' region of U5 in LTR at various HTLV-I sequences r e p~r t e d . l~-~~ (2) Four-base cutter such as Suu3AI produced the small DNA fragments (average size of DNA fragments is theoretically 256 bp) and such a small DNA fragment was suitable for amplification by PCR. For the same reasons, A h I could be used to digest the genomic DNA instead of Suu3AI. Therefore, genomic DNA was digested with Sau3AI at first, and then Sau3AI-digested DNA was ligated in diluted condition to cause self-ligation. If complete HTLV-I proviral DNA was integrated, circular DNA from 5' LTR and gag sequence could be detected (302 bp) with this method as well as that from 3' LTR and flanking genomic sequences ( Fig IB) . To eliminate this possibility, ligated DNA was digested with SacII, which digested the 5' portion of gag sequence and this site was conserved in HTLV-I sequences reported p r e v i o~s l y~~~~~ ( Figs 1A and B) . After SacII digestion, DNA was linealized by heating, because efficiency of PCR for circular DNA was shown to be p00r.l~ This DNA was used as substrate for following PCR reactions. PCR was performed with primer 1 and 2 at first (Figs 1B and C). Since these primers had opposite direction on the genomic DNA, only ligated DNA should be amplified. After the first reaction, the second set of primers (primer 3 and 4) was used for nested PCR (Figs 1B and C) to enhance the sensitivity and specificity of the reaction.
IPCR method can detect the rnonoclonality of HTLV-Iinfected cells. DNA samples from five ATL patients were analyzed with IPCR. Figure 2 shows the result of IPCR with typical ATL samples. Figure 2A experiments, suggesting that this was not artifact, but derived from HTLV-I proviral DNA. Without SacII digestion, a 302-bp band derived from 5' LTR and gag sequence was detected (see Fig IB, data not shown), but this band was not demonstrated with SacII digested samples, which indicated that SacII digestion could eliminate the circular DNA formed within HTLV-I provirus.
To confirm that these PCR products derived from 3' LTR and flanking genomic sequences, we determined the DNA sequences of these PCR products. Figure 3 case. This showed that these sequences were derived from TAKEMOTO ET AL genomic DNAs of HTLV-I provirus integration sites and were unique to each case. It was evident that these bands were specific to integration sites. No common sequences were observed in the integration sites as reported previousIy."
Sensitiviv of IPCR. To examine the sensitivity of this assay, IPCR was performed with diluted ATL samples. Genomic DNA from acute ATL patients, which gave a distinct band by IPCR, and was confirmed to be derived from 3' LTR and genomic sequence, was mixed with DNA from HTLV-I-negative HL-60 at various proportions, and then these DNA (1 pg each) were analyzed using IPCR. This experiment showed that IPCR could detect about I % of ATL cells in HTLV-I noninfected cells, indicating that this assay was more sensitive than Southern blot analysis. Indeed, IPCR detected the monoclonality in DNA samples, which was shown to be no monoclonality of HTLV-I-infected cells by Southern blot analysis. It showed that IPCR was not only a rapid method, but also superior to the Southern blot method in point of sensitivity.
IPCR method in various clinical states of HTLV-I infection. DNA samples from various clinical conditions of HTLV-I infection were analyzed by IPCR. These conditions were HTLV-I carrier, intermediate state, and smoldering ATL. Figure 4 shows the result of IPCR. In chronic ATL with two copies of HTLV-I proviruses (lane 2). two distinct bands could be also detected by IPCR, conforming two copies of proviral DNA. IPCR detected distinct bands in cases of smoldering ATL, in which the monoclonalities were detected by Southern blot analysis (lanes 3 and 4) . In addition to a major band, a few faint bands could be detected in these samples, suggesting that the proliferation of HTLV-Iinfected cells were oligoclonal. HTLV-I carriers (lanes 6 through 9). which gave no monoclonality by Southern blot analysis. In one of the cases evaluated. we could detect the oligoclonal proliferation of HTLVl-infected cells (lane 6) . Random integration of HTLV-I provirus DNA was detected in this case by Southern blot analysis. It showed that monoclonal proliferation had already occurred in thc intermediate state and HTLV-I carrier with incrcasctl HTLV-I-infected ccll counts.
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Lymph node cells from thc patient with non-Hodgkin's lymphoma were cxamined. Cell surface markers of lymph node cells were CD3 ', CD4'. CD8-. CD25 '. which was consistent with the surface phenotype of ATL. Also, anti-HTLV-I antibody was positive in this case. However. IPCR analysis showed no band with this DNA (lane 9). Therefore. this case was diagnosed as T-cell lymphoma, which was not associated with HTLV-I despitc of the presence of anti-HTLV-I antibody. Southern blot analysis with HTLV-I probe showed no bands. confirming that this T-cell lymphoma was not associated with HTLV-I. Thus, IPCR has been shown to be useful for diagnosis of ATL. WC also examined the peripheral blood mononuclear cells in this pa-3083 tient by IPCR. Monoclonality could be demonstrated in this sample (data not shown). showing that this patient had a small number of monoclonal HTLV-I-infected cells and was a HTLV-I carrier with monoclonality from the viewpoint of HTLV-I infection. It is likely that an immunosuppressive state such a s HTLV-I carrier could be one of the factors to causc T-cell lymphoma not associated with Table I summarizes the results of IPCR and Southern blot analysis for the same samples. It showed that IPCR was a reliable and sensitive method to detect the clonality of HTLV-I-infected cells. However. if a S d I site existed in 3' genomic DNA region within Smt3AI-digested DNA by chance, monoclonal bands could not be detected by IPCR. From our data. it is very rare. but we should be careful in such cases.
HTLV-I.
DISCUSSION
Detection of monoclonality in integrated HTLV-I provirus was essential to diagnosis of ATL especially in endemic areas such as southwestern Japan." Southern blot analyses with HTLV-I probes were used for this purpose." However. this method requires time and expense. and is not suitable in the analysis of a small number of samples. In this study. IPCR could detect clonality of HTLV-I provirus as well as Southern blot method ( Table I) . It is noteworthy that IPCR needs only 3 days to obtain results and it is also suitable to analyze a small number of samples. This method needs only 0.01 to 0.1 pg of DNA to identify the clonality in ATL.
Also. IPCR could be used for the analysis of DNA extracted from paraffin-embedded samples. We showed the monoclonality of HTLV-I provirus with DNA extracted from such a sample (our unpublished data. March 1994). Thus. this method is especially useful in the analysis of a small quantity of DNA or partially degraded DNA, which can not be examined by Southern blot method.
IPCR is also more sensitive than Southern blot method. It could detect less than 1% of monoclonal cells. whereas Southern blot method needed about 5% of monoclonal cells. In smoldering ATL. a few abnormal cells were observed in Carrier ( For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From the peripheral blood in association with the skin involvement or respiratory lesions. IPCR could detect the monoclonal proliferation of HTLV-I-infected cells in the samples that were diagnosed to be monoclonal by Southern blot analysis (Table I) . However, monoclonal integration of HTLV-I provirus could not be identified in some patients with skin or respiratory involvement by conventional Southern blot analysis. It might be that Southern blot method could not detect the monoclonality because of its sensitivity, although the monoclonal proliferation had already occurred. We could detect the monoclonal integration of HTLV-I provirus in such a case. With IPCR, it is now possible to more precisely diagnose smoldering ATL.
Intermediate state of HTLV-I infection was proposed as a clinical condition between the smoldering ATL and HTLV-I carriers.'" The number of HTLV-I-infected cells increased in such patients, but the integration of HTLV-I provirus was random as detected by Southern blot method. Immunocompromised conditions such as strongyloidiasis were associated with the intermediate state. Bovine leukemia virus (BLV) is related to HTLV-I and 11, but causes B-cell neoplasm in cattle.2' The natural course of BLV infection has been well studied and resembles that of HTLV-I. Lymphocytosis with random integration of BLV was observed as a prestage of l e~k e m i a ,~~.~~ which is considered to be similar to intermediate state HTLV-I. It is possible that oligoclonal or monoclonal proliferations of HTLV-I-infected cells already occur in such a condition, but the number of monoclonal or oligoclonal cells is beyond the sensitivity of Southern blot analysis. We can detect the monoclonal or oligoclonal proliferation of HTLV-I-infected cells in the intermediate state and HTLV-I carriers. This indicated that clonal, but nonmalignant proliferation of HTLV-I-infected cells already occurred even in the HTLV-I carriers, and such cases could be a high-risk group for the development of ATL in the future.
Frequent detection of clonality was reported in the peripheral blood mononuclear cells from HTLV-I-associated myelopathy (HAM), tropical spastic paraparesis (TSP) patients and their family rnernber~.'~ The same observation was reported in patients with strongyloidiasis.26 Monoclonality was detected with majority of random integrated HTLV-I provirus. In our study, monoclonal proliferation was detected in HTLV-I carriers in which polyclonal integration of HTLV-I had been proven by Southern blot analysis (Table  1) . It suggested that some factors allowed not only the proliferations of HTLV-I-infected cells (polyclonal integration of HTLV-I provirus), but also the monoclonal proliferation. Such HTLV-I carriers with monoclonal integration of HTLV-I provirus were considered to be high-risk group for development of ATL. Pre-ATL was proposed as a designation for such a clinical ~ondition.~' Although reported cases seem to contain various clinical entities such as smoldering and chronic ATL, ATL developed in obvious HTLV-I carriers with monoclonal HTLV-I provirus. It demonstrated that monoclonal HTLV-I-infected cells in HTLV-I carriers could develop into ATL.
Genomic sequences flanking 3' LTR can be determined rapidly with IPCR (within 1 week). It is easy to make another primer in 3' genomic region to detect case-specific sequence with LTR primer. Indeed, it enabled us to detect one ATL cell in IO4 peripheral blood mononuclear cells in a case of acute ATL (our unpublished data, March 1994). This PCR is highly sensitive and useful in the detection of residual ATL cells in the remission state. Prognosis for patients with ATL is still poor compared to those with other lymphoid malignancies, and its treatment should be established to increase survival rates. One possible therapy is autologous bone marrow transplantation or peripheral blood stem cell transplantation with extensive chemotherapy. In such therapies, detection of residual ATL cells in the remission bone marrow is very important for success. ATL cells are often very difficult to distinguish from non-ATL lymphocytes by morphology or immunophenotyping. Rearranged immunoglobulin sequences or fused oncogenes such as hcl-2 or hab1 were used for marker of leukemic cells detected by PCR."." ATL cells do not have such specific oncogenes or rearrangements. PCR with primer in 3' LTR and primer in flanking genomic sequence determined by IPCR is highly sensitive and useful in the detection of remaining ATL cells. Purging of ATL cells with monoclonal antibodies could be checked by this method. IPCR will also be a useful method in the therapy of ATL.
